Streptococcus pneumoniae is an important cause of community-acquired pneumonia, meningitis, and bacteremia. The problem of pneumococcal disease is exacerbated by increasing drug resistance. Furthermore, patients with impaired immunity are at high risk for invasive pneumococcal infections. Thus, there is an urgent need for new approaches to antimicrobial therapy. Antibody therapies take advantage of the specificity and high affinity of the antigen-antibody interaction to deliver antibacterial compounds to a site of infection in the form of naked or conjugated antibodies. We have recently established that radioimmunotherapy (RIT) can be used to treat experimental fungal infections in mice. In the present study, we investigated the feasibility of applying a RIT approach to the treatment of S. pneumoniae infection by evaluating the susceptibility of S. pneumoniae to radiolabeled antibody in vitro and in an animal infection model. For the specific antibody carrier, we used human monoclonal antibody D11, which binds to pneumococcal capsular polysaccharide 8. We have selected the alpha particle emitter 213 Bi as the radionuclide for conjugation to the antibody. Incubation of serotype 8 S. pneumoniae with 213 Bi-D11 resulted in dose-dependent killing of bacteria. RIT of S. pneumoniae infection in C57BL/6 mice showed that 60% more mice survived in the 213 Bi-D11-treated group (80 Ci) than in the untreated group (P < 0.01). The treatment did not cause hematological toxicity, as demonstrated by platelet counts. This feasibility study establishes that RIT can be applied to the treatment of bacterial infections.
Streptococcus pneumoniae is an important cause of community-acquired pneumonia, meningitis, and bacteremia (3) . Furthermore, there is an increased prevalence of invasive pneumococcal infections in patients with immune impairment caused by chemotherapy or immune suppression in the setting of organ transplantation or human immunodeficiency virus infection (23) . Drug resistance and impaired responses to vaccines (both regular and conjugates) make it difficult to control this disease, particularly in the elderly and immunocompromised (23) . Thus, there is an urgent need to develop new approaches to antipneumococcal therapy, which can include new drugs, vaccines, and passive antibody therapy. Antibodybased strategies constitute powerful options for countering the problem of increasing drug resistance and the emergence of new infectious diseases. Antibody therapies take advantage of the specificity and high affinity of the antigen-antibody interaction to deliver antibacterial compounds to a site of infection in the form of naked or conjugated antibodies. It is worth noting that antibody therapy was highly effective against pneumococcal disease in the preantibiotic era (7, 9) .
Radioimmunotherapy (RIT) is a therapeutic modality that uses specific antibodies labeled with radioisotopes to deliver lethal doses of particulate radiation to cells, and its development was pioneered for cancer treatment (17) . Radiolabeled antibodies provide a valuable alternative to cancer treatment with chemotherapy or external radiation beam by selectively delivering lethal doses of radiation to cancerous cells. We have recently suggested that RIT could be adapted as a novel modality for the treatment of infectious diseases whereby radiolabeled specific antibodies are used to deliver microbicidal radiation to pathogens (13) . In contrast to the limitations encountered in the use of RIT against tumors that include few antigenic differences between malignant tissue and normal tissue, RIT of infectious diseases can exploit antigenic differences between microbes and the host, which should translate into specificity for the targeted pathogen and minimal toxicity to the host. A proof of principle for this strategy was recently established by demonstrating that radiolabeled antibodies could be used in the therapy of experimental Cryptococcus neoformans infection in mice. For that study, we developed methods to target ionizing radiation to a fungal cell by labeling a specific monoclonal antibody (MAb) with the radioisotopes 188 Re and 213 Bi. Radiolabeled antibodies killed C. neoformans cells in vitro, thus converting an antibody with no inherent antimicrobial activity into microbicidal molecules. Administration of radiolabeled antibodies to mice with C. neoformans infections delivered 213 Bi or 188 Re to the sites of infection, reduced their organ microbial burden, and significantly prolonged their survival without apparent toxicity.
In the present study, we have investigated the feasibility of applying the RIT approach to S. pneumoniae in an animal infection model. As part of the development of this method, we also studied the susceptibility of S. pneumoniae to radiolabeled antibody in vitro. In contrast to fungal infections, which are often chronic, systemic bacterial infections are often characterized by rapid microbial replication and host demise. Furthermore, a comparison of fungal and bacterial cells reveals differences in size, DNA base composition, cell wall composition, and possibly repair mechanisms. Hence, the potential usefulness of RIT for bacterial infections is likely to encounter different challenges than its application to the treatment of fungal infections. For the specific antibody carrier in this study, we used human MAb D11, which binds specifically to pneumococcal capsular polysaccharide 8 (PPS8) and is highly protective against this serotype in several strains of mice and infection models (8, 29) . For antibody conjugation, we selected the alpha particle emitter 213 Bi. 213 Bi (half-life, 45.6 min) emits a high linear energy transfer (LET) alpha particle with E ϭ 5.9 MeV with a path length of 50 to 80 m that can theoretically kill a cell with one or two hits. We have chosen the alpha emitter 213 Bi over the beta emitter 188 Re because the much shorter half-life of 213 Bi (45.6 min versus 16.9 h) permits delivery of a significant radiation dose in shorter period of time, which may be crucial when quickly dividing cells such as pneumococci are being targeted. 213 Bi has been proposed for use in single-cell disorders and some solid cancers (1, 6, 19) and is currently being used in phase I/II clinical trial to treat patients with leukemia (26) . The results of this feasibility study confirm that RIT can be applied to the treatment of bacterial infections.
MATERIALS AND METHODS
Bacteria. S. pneumoniae serotype 8 (ATCC 6308) and serotype 3 (ATCC 6303) were grown in tryptic soy broth (TSB) to mid-log phase at 37% in 5% CO 2 , frozen in TSB in 10% glycerol, and stored at Ϫ80°C. Bacteria were thawed on ice, streaked onto a Trypticase soy agar plate with 5% sheep blood agar, and passaged once in TSB before use.
Antibodies. Human MAb D11 (immunoglobulin M [IgM]), which binds to PPS8 and was originally generated from the peripheral lymphocytes of a Pneumovax recipient, was produced as described in reference 29. It was purified by affinity chromatography with anti-human IgM agarose beads (Sigma, Minneapolis, Minn.). Commercial human myeloma IgM (Calbiochem, La Jolla, Calif.) was used as an isotype-matching control.
Radioisotope production and radiolabeling of antibodies. 225 (22) . CHXAЉ-MAbs were radiolabeled with 213 Bi as described in reference 6. Immunoreactivity of radiolabeled D11. The immunoreactivity of radiolabeled CHXAЉ-D11, in comparison with that of unmodified D11, was determined by evaluating binding to solid-phase PPS8 by enzyme-linked immunosorbent assay (ELISA) as described in reference 29. The starting concentration of unmodified D11 and the control IgM was 10 g/ml, and that of CHXAЉ-D11 was 2.5 g/ml.
In vitro activity of labeled antibody against S. pneumoniae. Approximately 10 7
S. pneumoniae cells of the serotype 8 strain were placed in microcentrifuge tubes in 50 l of phosphate-buffered saline (PBS). The 213 Bi-CHXAЉ-D11 MAb in 0.5 ml of PBS was added to obtain the desired concentrations of radioactivity per sample (0 to 4 Ci), with the total amount of MAb per sample kept constant at 20 g. After 30 min of incubation at 37°C, the cells were collected by centrifugation. The pellets were washed with PBS and diluted, and approximately 1,000 cells were plated on blood agar plates to determine CFU. To account for nonspecific cell killing, S. pneumoniae cells of the serotype 3 strain were incubated with 213 Bi-CHXAЉ-D11. This experiment served as a control because MAb D11 does not bind to cells of S. pneumoniae serotype 3.
In another series of experiments with serotype 8 S. pneumoniae, radiolabeled irrelevant control MAb 213 Bi-CHXAЉ-IgM was also included to account for nonspecific cell killing in comparison with 213 Bi-CHXAЉ-D11 treatment.
RIT of experimental S. pneumoniae infection in mice.
The efficacy of RIT against experimental S. pneumoniae infection was evaluated in mouse strain C57BL/6. Mice were infected intraperitoneally (i.p.) with 1,000 bacteria, as measured by CFU counting. Preliminary experiments were carried out to determine the amount of the MAb that conferred protection against S. pneumoniae infection in this animal model by giving the mice 1 or 10 g of unlabeled D11 i.p. at 1 h postinfection. A D11 dose of 1 g/mouse did not confer protection against S. pneumoniae, but increasing the dose to 10 g/mouse increased the percentage of mice surviving infection relative to that of nontreated controls from 30 to 70%. Thus, for RIT we selected the intermediate amount of 5 g of MAb D11 per mouse. At 1 h postinfection, groups of 8 to 10 animals were treated i.p. with 80 Ci of 213 Bi-CHXAЉ-D11 or 213 Bi-CHXAЉ-IgM (5 g), or 5 g of unlabeled D11 or left untreated. The animals were observed for survival and vital signs for 14 days.
Determination of bacterial loads of RIT-treated mice. As untreated mice die from bacteremia in the animal model of systemic infection used in this study, we determined whether RIT had an effect on the serum bacterial burden. Ten mice were infected with 1,470 CFU of S. pneumoniae. Five infected animals were treated i.p. with 80 Ci of 213 Bi-CHXAЉ-D11 while five others served as controls. Blood was obtained from the tail veins of 213 Bi-CHXAЉ-D11-treated mice and control at 3, 6, and 10 h posttherapy and from survivors on days 3 and 14 posttherapy, dilutions of the blood in TSB were plated in duplicate on blood agar plates and incubated for 18 h, and the number of CFU per milliliter of blood was determined. The limit of detection was 13 CFU.
Determination of platelet counts. Platelet counts were used as a marker of RIT toxicity. For measurement of platelet counts, the blood of C57BL/6 mice used in the therapeutic studies was collected from the tail vein into heparinized capillary tubes on day 3, 7, and 14 days posttherapy. The background measurement of the platelet counts was obtained for healthy C57BL/6 mice. Four microliters of blood was mixed with 2.5 l of 10% EDTA. One microliter of the anticoagulated blood was then mixed with 100 l of 1% ammonium citrate. Platelets were counted in a hemocytometer by phase-contrast microscopy at ϫ400 magnification as described in reference 20.
Statistical analysis. Student's t test for unpaired data was used to analyze differences in the number of CFU between differently treated groups during in vitro therapy studies. The log-rank test was used to assess the course of animal survival. Differences were considered statistically significant when P values were Ͻ0.05. Prism statistical software (GraphPad Software, San Diego, Calif.) was used for statistical calculations.
RESULTS

Radiolabeling of antibodies with
213 Bi. Both MAb D11 and the control IgM proved to be robust immunoglobulins suitable for conjugation with CHXAЉ ligand. The average number of chelates per antibody molecule ranged from 1.5 to 3.0, as determined by the yttrium-arsenazo III spectrophotometric method. The radiolabeling of CHXAЉ-MAb conjugates with 213 Bi resulted in 95% Ϯ 3% yields.
Immunoreactivity of radiolabeled 213 Bi-CHXA؆-D11 MAb. The results of 213 Bi-CHXAЉ-D11 (referred to further in the text as 213 Bi-D11) binding to solid PPS8 are presented in Fig.  1 . Attachment of CHXAЉ ligand, followed by radiolabeling with 213 Bi, did not compromise the ability of MAb D11 to bind PPS8. Some differences in binding between unmodified and radiolabeled D11 were observed at concentrations of Ͼ1 g/ ml, which might be explained by the contribution of the electrostatic interaction between the antigen in the wells and the negatively charged CHXAЉ group on the antibody. These results established the feasibility of radiolabeling MAb D11 while retaining its ability to bind to PPS8.
Activity of radiolabeled MAb against S. pneumoniae in vitro. We evaluated the susceptibility of S. pneumoniae to 213 Bi alpha particles delivered by S. pneumoniae-specific antibody in vitro. Incubation of serotype 8 S. pneumoniae with 213 Bi-D11 resulted in dose-dependent killing of bacteria (Fig. 2a) (Fig. 2a) may be a result of negatively charged CHXAЉ groups on the antibody molecules preventing the organisms from clumping. In contrast, incubation of S. pneumoniae serotype 3 with 213 Bi-D11 with the same specific activity produced only minimal killing within the investigated range of activities (P ϭ 0.001). In another series of experiments, the ability of 213 Bi-D11 to eradicate S. pneumoniae serotype 8 was compared to the effect of irrelevant control MAb 213 Bi-IgM used in the same range of activities (Fig. 2b) . No killing of S. pneumoniae with 213 Bi-IgM was observed. The significantly higher killing associated with the specific antibody almost certainly reflects higher exposure of S. pneumoniae to radiation as a consequence of antibody binding to PPS8. Hence, radiolabeled anti-S. pneumoniae MAb was bactericidal in vitro. In vivo RIT of S. pneumoniae infection and bacterial loads in treated mice. Figure 3 shows the results of RIT for S. pneumoniae infection in C57BL/6 mice (data from two different treatment experiments are shown). A greater percentage of mice survived in the 213 Bi-D11-treated group than in the untreated group (P Ͻ 0.01). In contrast, administration of unlabeled D11 (5 g) did not prolong survival in comparison to that of untreated mice (P Ͼ 0.05). Radiolabeled control IgM also did not have any therapeutic effect (P Ͼ 0.05). Mice in control groups succumbed to bacteremia on days 1 to 3, while mice treated with 80 Ci of 213 Bi-D11 demonstrated 87 to 100% survival. Furthermore, mice treated with 213 Bi-D11 were not bacteremic at 3, 6, and 10 h posttreatment, as determined by counting the CFU in their blood (Table 1) , as well as on days 3 and 14 (data not shown). Treatment with radiolabeled D11 was very well tolerated-no weight loss or changes in eating and drinking habits or grooming routines were observed in treated animals.
Toxicity studies. The number of platelets in peripheral blood was determined as a measure of radiation toxicity. Platelet counts in S. pneumoniae-infected C57BL/6 mice treated with 213 Bi-D11 and 213 Bi-IgM MAbs were compared to those of mice treated with unlabeled D11 and with those of nontreated infected animals (Fig. 4) . It should be noted that platelet counts in 213 Bi-IgM-treated, unlabeled-D11-treated, and infected nontreated mice were acquired in few surviving animals while the platelet counts in 213 Bi-D11-treated animals were obtained from a significantly larger number of animals. There was no statistically significant difference in platelet counts on day 3 postinfection in treated or nontreated infected mice in comparison with those of healthy animals. The drop in platelet counts was observed in all groups on day 7 postinfection, including the 213 Bi-D11-treated group, where the counts were significantly different (P ϭ 0.01) in comparison with those on day 3. This can be explained by the effect of prior S. pneumoniae infection on platelets, as well as by the fact that the nadirs in platelet counts are usually reached at 1 week after radiolabeled antibody administration in RIT of cancer patients (4). On day 14 posttherapy, the platelet count in the 213 Bi-D11-treated group increased and there was no difference from the count on day 3 (P ϭ 0.06), which reflects the lack of toxicity of 213 Bi-D11 treatment in C57BL/6 mice.
DISCUSSION
Our earlier encouraging results with RIT for C. neoformans infection provided the impetus for applying RIT to an experimental bacterial infection. In the present study, we have investigated the feasibility of using RIT for systemic S. pneumoniae disease. RIT with an S. pneumoniae-specific MAb radiolabeled with the alpha-emitting radioisotope 213 Bi proved to be an efficient and safe treatment modality in the C57BL/6 mouse strain. In contrast to fungal infections, which are usually chronic, disseminated bacterial infections can progress rapidly and bacteria replicate at a considerably faster rate than fungi. For example, the replication rates of S. pneumoniae and C. neoformans are 20 min and 3 h, respectively. Cryptococci have average diameters that are approximately 20 times larger than those of pneumococci (24) and consequently present significantly larger targets for RIT than do bacterial cells. It remains to be seen if the sensitivity of a microorganism to particulate radiation depends on the amount of DNA per volume of matter. In addition, these two microbes elicit different inflammatory responses, with neutrophils predominating in pneumococcal infections and macrophages predominating in cryptococcal infections. Consequently, the success of RIT against experimental cryptococcal infection could not be extrapolated to bacteria from the prior fungal study.
There are several factors that make S. pneumoniae potentially more amenable to RIT in animal models than fungal infections. First, bacteria are known to be at least 1 order of magnitude more radiosensitive to external radiation in vitro than fungi (10) . We have recently shown that, despite their extreme radioresistance to external radiation, it is possible to achieve significant killing of the pathogenic fungi C. neoformans and Histoplasma capsulatum with specific radiolabeled antibodies both in vitro (13, 14) and in vivo (13) . Thus, the increased susceptibility of bacteria to external radiation relative to that of fungi may translate into better RIT outcomes.
In our studies, we used an i.p. infection animal model that has been used to establish the efficacy of using human MAbs to target pneumococci in mice (11, 29) . This model has been shown to be predictive of antibody efficacy in the treatment of human pneumococcal infection and was used to develop serum therapy for pneumococcal pneumonia (7, 9) . In this historical serum potency model, the administration of a specific antibody before infection was predictive of its efficacy in patients when given after the onset of pneumococcal disease (7) . In our study, we modified this model by administering the radiolabeled antibody after infection. The advantage of using an i.p. infection animal model to assess the potential of RIT of S. pneumoniae is that the targeted cells and radiolabeled MAb molecules are initially confined to the peritoneal cavity, thus increasing the probability of a MAb molecule binding to an S. pneumoniae cell. In fact, i.p. infection models are widely used in cancer research when applicability of RIT with alpha-emitting radionuclides to the treatment of micrometastatic spread from gastric, ovarian, and other cancers is evaluated (2, 25) . It might be possible to increase the survival of mice to 100% by increasing the amount of unlabeled D11 in the 213 Bi-D11 preparation. The RIT protocol used in our experiments is theoretically capable of delivering a 213 Bi atom to every S. pneumoniae cell in this animal model. At 1 h after i.p. infection with 10 Bi atoms. The alpha particles emitted by 213 Bi have a path length of 50 to 80 m and a high LET of ϳ100 keV/m and are very efficient at killing a cell by a direct hit. As the range of alpha particles in tissue is more than one cell diameter, even if a particular cell has not been targeted with a radiolabeled antibody molecule, it may be killed by radiation from a distant cell by the so-called crossfire effect. Another mechanism contributing to the killing of bacterial cells in RIT is the bystander effect, which is the biological response of surrounding cells not directly targeted by radiation. The bystander effect has been recently considered to play an important role in radionuclide therapy (5, 28) . Also, there could be some synergy between the effect of the radioactivity and the antibody itself on the microbial cells, since antibody molecules have been recently reported to catalyze ozone formation, which can promote bacterial killing and inflammation (27) . Finally, since D11 has been shown to downregulate chemokine production from human effector cells (8) , its immunomodulatory properties may also be beneficial in the setting of RIT. More studies are needed to establish the specific mechanism(s) of RIT efficacy against pneumococci.
The fact that administration of 213 Bi-D11 (80-Ci dose) proved to be therapeutic and safe in the systemic model of S. pneumoniae infection is consistent with our previous finding that the 213 Bi-18B7 MAb (100-Ci dose) had a therapeutic effect and was relatively nontoxic in a murine C. neoformans infection (13) . In mice treated with irrelevant control 213 BiIgM, a significant dose is delivered to the organs in the intraperitoneal cavity owing to the retention of IgM molecules in the cavity for several hours. During this period, practically all of the 213 Bi decays, depositing its alpha particles nonspecifically. The combination of this radiation dose with the effects of the S. pneumoniae infection itself may explain the poorer survival of 213 Bi-IgM-treated animals in comparison with that of the untreated group (Fig. 3b) . In fact, we have observed the same effect in C. neoformans-infected mice when high doses of 213 Bi-labeled MAb were nontoxic to uninfected animals but toxic to infected ones (15) .
As alpha particles can kill a host cell with just one or two hits (18) , cells struck by alpha radiation are, as a rule, not able to survive, and hence there should not be any pronounced late cytogenic effects of RIT. In other words, alpha particles kill cells by causing catastrophic damage and this effect is different from the DNA damage associated with other forms of radiation, which is mutagenic. The gamma component of 213 Bi emission should not cause late cytogenic effects either. The evidence for this comes from the treatment of patients with metastatic thyroid cancer with large cumulative doses of 131 I (which emits more energetic gamma rays than 213 Bi) where there is a very low risk of secondary leukemia-0.4 death/10 4 patient year-Gy (16) . The 80-Ci dose administered to a mouse in our study translates into ϳ200 mCi for a human, which is comparable to the cumulative 131 I doses. We have also recently demonstrated that RIT of C. neoformans infection is safe in regard to long-term pulmonary toxicity in mice (15) .
For future clinical trials, we envision that the antibody-chelator conjugate can be produced at a cGMP facility while radiolabeling with 213 Bi can be performed on site in the radiopharmacy laboratory by using a 213 Bi-225 Ac generator. It is noteworthy that such an approach has been successfully used in clinical trials with 213 Bi-labeled MAb for the treatment of leukemia (26) .
We have recently witnessed a global outbreak of SARS and the introduction of monkeypox virus into the United States. Hence, there is an urgent need for new approaches to the treatment of emerging and drug-resistant infectious diseases that can translate into the rapid development of new antimicrobial agents. Current strategies for the development of antimicrobial drugs and vaccines take many years to yield clinically useful products. However, antibodies can be made very rapidly and the linkage of radionuclides to specific antibodies provides the means to generate microbicidal antibodies. We believe that the combination of immune and radionuclide therapies provides an exciting new strategy that may be potentially useful against a variety of bacterial infections.
